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1.  Introduction 


Since  the  advent  of  in  situ  satellite  observations  of  the 
earth's  maqnetopause ,  investigators  have  searched  diligently 
for  high-speed  ion  jets,  an  expected  signature  of  the  reconnec¬ 
tion  process  (Vasyliunas,  1975).  Significant  indirect  evidence 
for  the  reconnection  process  has  been  presented,  especially  for 
processes  in  the  magnetotail  (Hones  et  al.,  1976;  Frank  et  al., 
1976).  However,  extensive  analyses  of  HEOS  2  (Haerendel  et 
al.,  1978)  and  IMP  6  data  (Eastman  and  Hones,  1979)  have  failed 
to  reveal  any  significant  high  speed  ion  flow  near  the  magneto¬ 
pause.  These  studies  demonstrated  that  the  dominant  process  in 
the  solar  wind-magnetosphere  interaction  results  in  plasma  de¬ 
energization  as  magnetosheath  plasma  crosses  the  maqnetopause 
to  supply  the  magnetospher ic  boundary  layer. 

I SEE  observations  have  recently  provided  some  potential 
direct  evidence  for  reconnection  via  direct  measurements  of  the 
tangential  electric  field  (Mozer  et  al.,  1979)  and  hiqh-speed 
ion  flows  near  the  maqnetopause  (Paschmann  et  al.,  1979).  Al¬ 
though  the  electric  field  measurements  are  subject  to  interpre¬ 
tive  problems  that  are  not  yet  fully  resolved,  the  high-speed 
plasma  flow  observations  could  represent  significant  evidence 
for  reconnection  in  the  framework  of  an  apparent  lack  of  alter¬ 
native  hypotheses  for  hiqh-speed  flows  nearPFH?rmTn^Ha«-topatise .  ^ 


In  this  paper,  we  present  ISER  plasma  observations  usinq 
the  University  of  Iowa  quadrispher ical  electrostatic  analyzers 
(LEPEDEAs).  These  observations  supplement  those  of  Paschmann 
et  al.  (1979)  for  the  R  September  1978  (day  251)  maqnetopause 
crossing  which  are  based  on  measurements  by  the  LANL/MPE  plasma 
analyzers.  We  will  present  results  that  relate  to  the  follow¬ 
ing  critical  questions  for  the  reconnection  hypothesis: 

(1)  Are  the  observed  flows  consistent  with  those  required 
by  the  MHO  rotational  discontinuity  conditions? 

(2)  Are  energetic  ion  and  electron  signatures  observed 
near  the  magnetopause  consistent  with  a  reconnection 
geometry? 

The  presence  of  a  MHD  rotational  discontinuity  is  a  neces¬ 
sary,  although  not  sufficient,  condition  for  the  reconnection 
mechanism.  A  further  necessary  condition  is  that  hiqh-SDeed 
plasma  flow,  produced  by  the  "slingshot"  acceleration  process 
of  reconnection,  must  be  on  open  field  lines.  The  energetic 
electron  and  ion  observation  indicate  that  at  least  part  of  the 
high-speed  plasma  flow,  observed  during  the  R  September  197R 
ISEE  magnetopause  crossing,  is  on  closed  field  lines.  This 
magnetopause  crossing  thus  provides  an  excellent  case  study  in 
which  an  observation  of  high-speed  ion  flow  near  the  magneto¬ 
pause  does  not  constitute  adequate  evidence  for  the  presence  of 
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2 .  Instrumentation 

The  LEPEDEA  instruments  sample  ion  and  electron  velocity 
distributions  over  all  except  ~  2%  of  the  unit  sphere  for  parti¬ 
cle  velocity  vectors.  These  instruments  have  an  enerqy  resolu¬ 
tion  of  AE/E  =  0.16  and  cover  an  enerqy  ranqe  of  1  eV  to  45  kev 
for  positive  ions  and  electrons.  Depending  on  instrument  mode, 

32  or  64  enerqy  passbands  are  sampled  which  either  span  the  full 
enerqy  range  or  the  hiqhest  32  levels  which  cover  enerqies  above 
215  eV  (e.g.,  Plates  1  and  2).  Polar  angles  0  measured  from  the 
spacecraft  spin  axis  to  the  individual  f ields-of-view  of  the 
seven  detector  pairs  are  illustrated  in  Figure  1.  The  spacecraft 
spin  period  is  approximately  3  sec;  16  azimuthal  sectors  are 
sampled  at  low  spacecraft  telemetry  rate  and  approximately  12 
azimuthal  sectors  are  sampled  at  high  rate.  Each  instrument  cy¬ 
cle  used  for  the  full  velocity  distribution  calculation  requires 
128  sec  in  the  basic  high-bit-rate  mode  (32  energy  levels  X  4  sec 
per  energy  level)  and  approximately  8  min  in  the  low-bit-rate 
mode.  Instruments  were  in  high-bit-rate  mode  durinq  the  8  Sep¬ 
tember  1978  magnetopause  crossing.  With  12  azimuthal  sectors  and 
seven  polar  angles,  12  X  7  X  32  =  2688  samples  of  velocity  space 
are  obtained  every  128  sec;  at  a  given  energy,  seven  polar  anq’ 
are  sampled  simultaneously  each  0.25  sec  in  successive  azimuthal 
sectors  which  are  separated  by  approximately  30°.  Starting  at. 
the  lowest  energy,  each  detector  (numbered  1-7  as  shown  in  Figure 
1)  sweeps  through  all  azimuthal  ($)  angles  before  stepping  up  to 


the  next  hiqher  energy  level.  Corresponding  E-$  plots  are 
constructed  for  the  seven  detector  pairs  and  several  examples 
are  presented  in  Plates  1  and  2.  The  data  frames  are  labeled 
1P-7P  in  the  color  plates  for  detectors  1-7  where  "P"  denotes 
protons  and  "R"  denotes  electrons.  The  ions  are  assumed  to  be 
primarily  protons  for  most  of  the  present  analysis  although  a 
helium  ion  component  is  observed  and  discussed  in  this  paper. 

More  detailed  descriptions  of  the  TREE  LEPEDEA  instruments 
are  provided  by  Frank  et  al.  (1978a,  1978b).  Although  the  LEP- 
EDEA  has  a  complete  cycle  time  of  128  sec,  it  covers  the  full 
solid  angle  range  during  each  3-sec  spin  period  at  each  energy. 
The  full  three-dimensional  capability  of  the  LEPEDEA  is  espec¬ 
ially  important  for  the  present  study  in  which  cool  ion  distri¬ 
butions  with  large  polar  bulk  flow  components  are  found.  Tn 
addition,  angular  variations  of  such  flows  can  be  detected  on  a 
time  scale  of  only  a  few  spin  periods.  Simultaneous  samples 
with  a  Ge iger-Muel ler  (GM)  tube,  which  has  a  collimated  40° 
f ield-of-view,  provide  measurements  of  the  angular  distribu¬ 
tions  of  >  45  keV  electrons  at  the  midplane  of  the  spacecraft. 

In  this  paper,  we  employ  these  capabilities  of  the  guadri- 
spherical  LEPEDEA  to  supplement  the  information  reported  pre¬ 
viously  for  the  8  September  1978  ISEE  magnetopause  crossing. 

We  find  that  our  three-dimensional  observations  lead  to  the 
best  available  estimates  of  the  flow  vector  during  the  high¬ 
speed  flow  interval  for  this  crossing. 


s 


3.  Observations 


a . 


Energy-Time  ( E-t )  Spectrograms 

A  color-coded  energy-time  (E-t)  spectrogram  is  shown  in 


Plate  la  which  covers  the  first  six  hours  of  ISRE-1  measurements 


on  8  September  1978  (day  251).  The  E-t  spectrograms  disolay 
detector  responses  coded  according  to  a  color  scale  shown  on  the 
right-hand  side  of  the  color  plates.  Values  of  log-^g  (responses) 
are  shown  next  to  the  color  bar.  The  responses  are  proportional 
to  the  energy,  E,  multiplied  by  directional  differential  energy 
flux,  dJ/dE,  and  are  proportional  to  E2  multiplied  by  phase  space 
density,  f(v).  The  four  panels  of  the  spectrograms  display,  from 
top  to  bottom,  averages  of  responses  sampled  by  the  equatorial 
plane  detector  (detector  4)  for  the  sunward-looking  quadrant  (v), 
the  duskward-look ing  quadrant  (>),  the  ant isunward-look i ng  quad¬ 
rant  (A)  and  the  dawnward-look ing  quadrant  (<),  respectively. 
These  standard  spectrograms  also  display  azimuthally  averaged 
electron  spectra.  Values  of  log^o  of  the  energy  in  units  of  eV 
are  given  along  the  ordinate  with  time  in  hours  (UT)  marked  alonq 
the  abscissa.  Spacecraft  coordinates  are  given  in  solar  ecliptic 
coordinates . 


As  shown  in  Plate  la,  hot  (>  10  keV) ,  isotropic  ion  and 
electron  distributions  are  encountered  in  the  outer  magnetosphere 
until  ~  0040  IJT.  TSEE-1  plasma  parameters  From  Paschmann  et  a). 
11979)  are  reproduced  in  Figure  and  include  ion  nnmln'i  diur; if/. 


speed  an  d  the  solar  ecliptic  /-component  of  the  inagm-i  i  r  f  ii-M, 
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Bz.  The  first  magnetopause  crossing  at  0043:56-59  UT  is  well 
defined  in  Bz  and  the  high-speed  flow  region  is  earthward  of 
the  magnetopause  and  thus  is  identified  as  a  magnetosnheric 
boundary  layer.  This  boundary  layer  interval  is  very  brief  on 
the  six-hour  time  scale  shown  in  the  E-t  spectrogram.  The  sub¬ 
solar  region  magnetosheath  in  this  case  is  highly  variable  in 
density  and  flow  direction  based  on  moments  analysis.  Large 
spectral  variations  are  present  in  both  the  sectored  ion  plots 
as  well  in  the  azimuthally  averaged  electron  responses  shown  in 
the  bottom  panel  of  the  E-t  spectrogram.  Row  shock  crossings 
are  observed  at  0327,  0335,  0340,  0405  and  0538  UT. 
b.  Energy-Phase  Angle  ( E-<ft )  Spectrograms 

Three-dimensional  response  arrays  or  energy-phase  angle 
( E-<j> )  plots  presented  in  Plates  1  and  2  cover  several  instru¬ 
ment  cycles  for  this  crossing  of  the  magnetospher ic  boundary 
layer  and  magnetopause.  The  time  given  at  the  top  of  each  E-<f> 
plot  set  is  the  start  time  for  each  128  sec  instrument  cycle. 
Figure  3  illustrates  the  E-$  plot  format  based  on  the  6p  frame 
from  Plate  2a.  Values  of  login  of  the  proton  energy  in  units 
of  eV  are  given  along  the  ordinate.  Each  frame  shows  16  az¬ 
imuthal  sector  marks  on  the  abscissa.  Since  the  spin  axis  is 
nearly  perpendicular  to  the  ecliptic  plane,  the  abscissa  may  b< 
interpreted  as  solar  ecliptic  lonqitude  of  flow  direction  from 
0°  (sunward  direction)  to  360°.  Detector  responses  are  dis¬ 
played  according  to  a  color-coded  scale  shown  at  the  right-hand 
side  of  the  color  plates  with  appropriate  values  of  login 


7 


the  responses  marked  next  to  the  color  bar.  The  6P  frame  illus¬ 
trated  in  Fiqure  3  shows  detector  6  ion  responses  from  the  start 
time  of  0041:41.7  UT  to  0043:40.6  UT.  Detector  6  views  a  71° 
polar  angle  range  centered  62°  below  the  ecliptic  plane  as  shown 
in  Figure  1.  These  ions  are  thus  flowing  upward  and  tailward. 

All  frames  within  the  F-^  plots,  including  the  r,M  frame  for 
>  45  keV  electrons,  display  responses  sequentially  from  bottom 
to  top.  Thus,  energy  and  time  values  are  isomorphic  for  1P-7P 
and  1K-7F  as  shown  in  Figure  3.  Fnergy  channels  are  logarith¬ 
mically  spaced  so  that  the  vertical  axis  is  nearly  linear  in 
time.  For  example,  the  sharp  lower  edge  for  6P  responses  occurs 
near  0.23  of  the  full  vertical  scale  which  corresponds  to  a  time 
of  0.23  X  12R  sec  after  the  start  time,  or  0041:41.7  UT  +  20.1 
sec  =  0042:11  UT.  Because  detectors  4P-7P  all  show  a  rapid 
change  at  this  time,  the  ion  distribution  changed  substantially 
in  less  than  one  spin  period  or  3  sec.  After  that  time  the  dis¬ 
tribution  appears  relatively  stable  for  at  least  30  sec.  How¬ 
ever,  at  later  times  within  this  same  instrument  cycle  the  UFP- 
EDEA  is  sampling  energetic  ions  above  10  keV  until  the  beginning 
of  the  next  instrument  cycle  at  0043:49.6  UT  (Plate  2b).  The 
response  enhancement  present  in  each  of  the  5E  frames  is  caused 
by  secondary  electrons  and  photoelectrons  that  result,  from  the 
instrument-satellite  conf iguration. 

There  are  numerous  features  of  tin*  ion  and  electron  velo¬ 
city  distributions  which  can  be  inferred  from  tin*  three- 
dimensional  response  arrays.  These  H~4>  spectrograms  effectively 


provide  a  direct  look  at  three-dimensional  velocity  distribu¬ 
tions.  Tn  the  remainder  of  this  section,  we  will  demonstrate 
this  capability  with  a  detailed  description  of  the  response 
arrays  shown  in  Plates  1  and  2. 

The  nearby  outer  maqnetosphere  is  dominated  by  hot  (>  in 
keV) ,  isotropic  ion  and  electron  distributions  as  shown  in  Plate 
lb  after  0038:49  UT  (upper  third  of  each  frame).  Tn  contrast, 
low  response  levels  are  observed  at  enerqies  of  <  1  keV.  Prom 
0038:04  UT  to  0038:49  UT,  a  brief  seqment  of  boundary  layer  plas¬ 
ma  is  observed  which  corresponds  to  results  from  the  LANL/MPE  in¬ 
strument  at  this  same  time  as  shown  in  Figure  2.  This  boundary 
layer  segment  near  0038:30  UT  differs  from  the  later  interval 
adjacent  to  the  maqnetopause  near  0044  UT.  Later  boundary  layer 
segments  do  not  include  a  downward  flowing  component  at  low  ener¬ 
gies  whereas  this  interval  shows  a  significant  downward  as  well 
as  an  upward  flowing  ion  component  as  shown  in  Plate  lb,  especi¬ 
ally  in  the  2P,  3P,  6P  and  7P  frames. 

At  0040:  35  UT,  the  R-<f>  spectrogram  of  Plate  lc  shows  a  rapid 
transition  from  magnetospheric  to  upward  flowing  boundary  layer 
plasma.  A  simultaneous  decrease  in  energetic  electron  ( >  45  keV) 
intensity  occurs  as  shown  in  the  GM  frame  although  pancake-shaped 
pitch-angle  distributions  remain  (also  see  section  3e  below). 
Downward-flowing  ions  are  no  longer  present  as  they  were  near 
0038:30  UT.  The  moments  analysis  parameters  shown  in  Figure  2 
demonstrate  that  the  boundary  layer  is  present  from  0040:35  ut  up 
to  the  maqne topause .  This  is  the  interval  of  high-speed  ion  flow 


described  by  Paschmann  et  al.  (1979);  plasma  parameters  for  this 
time  interval  will  be  described  in  detail  in  the  next  section. 
After  the  UEPEDEA  starts  to  sample  enerqetic  ions  above  ~  in 
keV,  the  primary  ion  population  that  contributes  to  the  density 
and  velocity  moments  is  not  sampled  until  the  next  instrument 
cycle  begins  at  0041:42  UT.  Enerqetic  ions  sampled  durinq  this 
high-speed  flow  event  display  primarily  a  pancake-shaoed 
pitch-angle  distribution  (see  section  3e). 

Some  low-elevation  ion  flow  is  shown  in  Plate  2a  between 
0041:42  and  0042:12  UT  which  corresponds  to  a  large  drop  in  flow 
speed  as  shown  in  Figure  2.  The  flow  vector,  V,  at  this  time  is 
directed  towards  4> eg p;  «  250°  and  0Sg  =  25°  which  is  at  ~  76°  with 
respect  to  the  magnetic  field  in  the  spacecraft  reference  frame. 
Solar  ecliptic  longitude  is  denoted  by  4>gg  and  9gg  denotes  solar 
ecliptic  latitude  with  egg  =  0°  in  the  ecliptic  plane  and  <j>gg  =  0 
directed  sunward  along  the  earth-sun  line  or  Xgg  axis.  After 
0042:12  UT  the  flow  becomes  more  field-aligned  and  the  angle  be¬ 
tween  V  and  B  decreases  to  34°  for  0042:12  to  0043:08  UT.  Al¬ 
though  the  LEPEDEA  can  quickly  determine  the  flow  direction,  the 
spectra  and  flow  speed  from  0041:42  to  0042:12  UT  are  uncertain. 
The  flow  speed  estimate  obtained  by  the  LANL/MPE  instrument  drops 
to  ~  2L0  km/s  at  this  time  which  is  probably  a  good  estimate  due 
to  the  low  flow  elevation  angle  which  brings  the  flow  direction 
within  the  +  SB0  polar  angle  acceptance  aperture  of  that  instru¬ 
ment  (see  section  3c).  for  the  one-minute  period  after  0042:1? 

UT ,  the  UEPKOKA  samples  a  fairly  stable,  high-speed  flow  which 
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is  most  apparent  in  the  fiP  an?  7p  frames.  Prom  Figure  1,  we 
see  that  detectors  6  and  7  sample  Qqp;  values  of  less  than  -51°. 
Detailed  plasma  parameters  for  this  interval  are  orovided  in 
the  next  section.  The  enerqetic  ion  measurements  oresented  in 
Plate  2a  for  the  hiqh-speed  flow  interval  show  an  annular 
distribution  similar  to  the  previous  instrument  cvcle  exceot 
that  detector  7  now  has  hiqher  response  values  (see  section 
3e )  . 

The  maqnetopause  at  0043:36-50  UT  (see  Plate  2b  and  Fiqure 
2)  is  accompanied  by  termination  of  the  hiqh-speed  ion  flow  and 
by  a  sharp  drop  in  ion  and  electron  responses  as  enerqies  of 
~  400  eV  are  being  sampled.  This  rapid  chanqe  is  evident  in 
detectors  4  through  7  and  occurs  in  less  than  one  spin  period. 
Most  of  Plate  2b  then  shows  the  FI—  ^  spectrogram  for  the  adja¬ 
cent  magnetosheath,  An  additional  f,-$  spectrogram  for  the 
nearby  magnetosheath  is  given  in  Plate  7d  which,  similar  to 
Plate  2b,  shows  a  broad  magnetosheath  ion  distribution.  High¬ 
speed  ion  flow  is  present  in  the  intervening  time  interval  of 
0046:17-0051:40  UT  which  includes  boundary  layer  plasma  accom¬ 
panied  by  frequent,  large  magnetic  field  changes. 

The  simultaneous  presence  of  He++  and  He+  ions  in  the 
boundary  layer  during  the  0  September  1078  magnetopause  cross¬ 
ing  has  recently  been  reported  by  Peterson  et  al.  (1081).  The 
lie*  and  Heff  signatures  appear  in  Plate  an  dawnw.t  r-l-d  i  rect  <>d 
teat  uies  at  energies  o!  7  to  i.  k.-'.;  in  t  lie  4e  U’  t  t  a  m<  *  • ; .  Then, 
signatures  are  clearly  senarahie  in  the  t.UPKDKA  sped  rograiir; 
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from  0042  to  0056  UT  as,  for  example,  in  the  4P  frame  of  Plate 
2c  near  4  keV.  In  the  magnetopause  and  boundary  layer  near 
0049  UT  there  are  two  distinct  d+  signatures  centered  at  <  100 
eV  and  ~  2  keV,  respectively.  The  lower  energy  H+  bulk  flow  in 
the  spacecraft  frame  is  directed  toward  =  110°  and  9qp  = 

50°,  close  to  the  flow  direction  observed  for  low-enerqy 
ions  in  the  nearby  magnetosheath.  In  comparison,  the  more  en¬ 
ergetic  H+  ions  near  2  keV  are  directed  toward  i}>q^  -  20  1°  and 
6qp  =  56°  with  a  speed  of  ~  460  km/s.  In  the  combined  bulk 
plasma  frame  which  includes  both  the  low-enerqy  and  high-energy 
H+  ions,  the  low-energy  ions  are  flowing  about  80°  with  respect 
to  the  magnetic  field  near  0049  UT.  This  flow  pitch-angle  is 
~  50°  for  the  more  energetic  H+,  He++  and  He+  ions  sampled  near 
2  keV,  2.6  keV  and  4.3  keV,  respectively.  In  the  combined  bulk 
plasma  frame,  the  velocity  components  ( V u  )  along  the  magnetic 
field  are  69  km/s,  88  km/s  and  64  km/s  for  the  high-energy  H+ , 
He++  and  He+  components,  respectively, 

Plate  2d  shows  the  E-$  spectrogram  for  the  LRPEOFIA  instru¬ 
ment  cycle  starting  at  0052:21  UT  in  the  magnetosheath.  The 
ion  velocity  distribution  sampled  here  is  similar  to  that  sam¬ 
pled  in  the  first  magnetosheath  interval  shown  in  Plate  2b.  In 
both  cases,  a  higher  energy  component  is  present  which  is  suoer- 
imposed  on  the  main  H+  distribution.  These  higher  energy  ions 
are  directed  towards  =  230°  and  Gpp  -  38°  in  the  spacecraft 

frame.  Three  distinct  peaks  in  ion  responses  are  shown  on  tin* 
right  side  of  the  6P  frame  in  Plate  2d  at  energy  values  of 


annrox  itnatol  v  l  .  5 ,  3.1  an-1  5.0  k  oV .  These  enerqv  values 
corrosooti'l  to  the  three  R./q  states  of  H+,  Mc  +  +  nn3  Me  +  w  i  *-  h  a 
1:3:4  ratio  assuminq  the  same  flow  velocity  for  each  specie*-, , 
an  assumption  which  is  supported  hv  the  above  results  n^ar  on.jn 
MT.  When  evaluated  in  the  combined  bulk  ol  asma  f  nv ,  t-t-eso 
M+ ,  He  +  +  and  He+  components  have  e  |(  values  of  -343  km/s,  -30° 
km/s  and  -333  km/s,  resooct ivolv ,  with  flow  oitch-annles  near 
164°.  Tn  this  same  combined  bulk  plasma  frame,  the  low-onorav 
H+  component  has  a  flow  pitch-anqlo  of  18°  and  v n  =  100  km/s. 

If  the  acceleration  process  corresponds  onlv  to  a  fixed 
potential  drop  so  that  each  species  is  accelerated  to  rouqhly 
the  same  kinetic  enerqy,  then  the  speeds  for  H+,  Ho  +  +  and  Mo4, 
should  be  in  the  ratio  2:^/3:!.  However,  the  observed  speeds 
are  more  nearly  equal  than  can  bo  expected  from  a  process 
involvinq  a  fixed  potential  dron. 

Since  the  He+/H+  number  density  ratio  in  the  solar  wind  is 
typically  much  less  than  that  for  He+  +  /!1+,  this  Ho+  is  nrobabl'’ 
of  maqnetospher ic  oriqin.  Tn  fact,  Peterson  et  al.  (losn  mea¬ 
sure  a  He+  number  density  of  <  0.003  cm-^  for  the  later  mau- 
netosheath  interval  of  0055-0100  HT.  An  inspection  of  elates 
2a-2d  indicates  that  the  He+  and  He++  components  are  present 
throuqhout  the  maqnetopause  and  boundary  laver.  A  relatively 
weak  siqnature  of  He+  is  also  observed  in  the  maqnetosheat h  but 
onlv  durinq  the  first  two  im;i  rnmcnt  rye  I  iv,  at  tor  Out’  iit. 
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c  •  F_lqw  Analysis 

Moments  analysis  parameters  for  positive  ions  cor  the  ft 
September  1978  ISEE  magnetopause  crossing  have  been  qiven  bv 
Paschmann  et  al  .  (1979)  and  T.AML/MPE  results  for  number  iensi- 

ty,  temperature  and  flow  speed  are  reproduced  in  figure  q  for 
comparison  with  the  complementary  LEPEDEA  measurements.  ^or 
several  sample  instrument  cycles,  horizontal  bars  on  the  three 
plots  shown  in  Fiqure  2  present  simultaneous  LEPEDEA  measure¬ 
ments.  Althouqh  the  temperatures  derived  from  the  two  instru¬ 
ments  are  similar,  the  LEPEDEA  density  values  are  systematical¬ 
ly  low.  This  difference  is  due  to  the  qenerally  cold  ion  spec¬ 
tra  and  the  70-eV  low-energy  cutoff  for  the  LANL/MPE  instrument 
whereas  the  LEPEDEA  at  this  time  was  operating  in  a  high-energy 
mode  which  covers  215  eV  to  45  keV. 

The  most  significant  difference  in  moments  analysis  re¬ 
sults  for  this  crossing  is  that  for  velocity.  Peak  ion  soeeds 
measured  by  the  LANL/MPE  instrument  are  lower  by  more  than  ~  90 
km/s  relative  to  the  peak  speed  of  582  km/s  sampled  hy  the  LEP- 
EDFA.  The  cause  of  this  difference  is  illustrated  in  Figure  4. 
Polar  anqle  coverage  of  the  seven  r.EPEDEA  detectors  is  marked 
by  solid  lines  emanating  from  the  center  of  the  diagram.  De¬ 
tector  4  is  roughly  centered  on  the  ecliptic  plane  since  the 
spin  axis  is  directed  towards  =  151.4°  and  ()<•,.■  =  86.5°. 

Contours  of  the  ion  velocity  distribution  are  drawn  about  our 
observed  ion  flow  vector  which  is  directed  58  +  1°  above  the 
ecliptic  plane.  Whereas  the  oeak  ion  response  levels  are 
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present  in  frames  6P  and  7P  of  Plate  7a,  the  LANL/MPE  instrument 
has  a  sharp  response  cutoff  at  33°  away  from  the  spin  nlano  (name 
et  al .  ,  1978)  and  its  3-D  mode  effectively  covers  the  range  of 
the  LEPEDEA  detectors  3  through  3.  The  effect  of  this  limited 
anqular  coveraqe  is  to  truncate  the  ion  distribution  above  37° 
resulting  in  a  velocity  vector  centered  43°  above  the  ecliptic 
plane.  Although  the  LANL/MPE  instrument  provides  reasonable 
estimates  for  Vx  and  Vy,  the  V2  value  is  substantially 
underestimated . 

The  LEPEDEA  obtains  approximately  seven  times  more  samples 
of  velocity  space  at  this  time  whereas  the  LANL/q PE  instrument 
samples  the  three-dimensional  distributions  ten  times  faster.  At 
a  given  energy,  the  LEPEDEA  has  the  unique  capability  of  sampling 
seven  pitch  angles  simultaneously  and  changes  in  flow  direction 
can  be  identified  on  a  time  scale  of  only  a  few  soin  periods.  As 
noted  in  the  last  section  within  the  description  of  Plate  7a,  a 
rapid  direction  change  occurs  at  0042:1?  UT;  thereafter,  the  ion 
velocity  distribution  is  fairly  stable  so  that  the  LEPEDEA  ob¬ 
tains  an  adequate  sampling  of  the  full  three-dimensional  velocitv 
distribution.  Table  1  below  summarizes  plasma  and  field  para¬ 
meters  for  three  time  intervals  near  the  magnetopause  based  on 
the  LEPEDEA  and  LANL/MPE  (Paschmann  et  al.,  1979)  Dlasma  instru¬ 
ments  and  the  DCLA  flux-gate  magnetometer. 

Error  estimates  are  obtained  for  the  LEPEDEA  values  by  eval¬ 
uating  both  statistical  errors  and  systematic  errors  associated 
particularly  with  in-flight  calibration  coef f ieionts .  Our  error 


analysis  procedure  results  in  approximate  rms  errors  of  AV  =  R 
km/s  for  speed  and  AkT  =  10  eV  for  thermal  energy.  The  boundary 
layer  flow  vector  is  directed  SR  +  3°  above  the  ecliptic  plane 
(compared  to  ~4S°  based  on  the  LANL/MPE  instrument)  and  is 
oriented  34  +  2°  away  from  the  averaqe  maqnetic  field  vector. 


Table  1.  Plasma  and  Field  Parameters  for  the 
8  September  1978  (day  251)  ISES-1  Magnetopause  Crossing 

(Solar  Ecliptic  Coordinates) 


Time 

(Vx,  Vy,  Vz)  km/s 

IV  | 

(Rx,  By,  Bz)  nT 

ion 
( cm- 2 ) 

kT ( eV ) 

0042: 12-0043:08 

UT 

(-298,-86,493) 

582 

(-25,20,43) 

5 

782 

(-290,-82,302) 

427 

9 

560 

-0043:30  UT 

(Not  Available) 

(-11,24,24) 

1R 

4  30 

-0044:10  UT 

(-65,24,62) 

93 

(28,34,-3 3) 

9 

193 

0048:05-0050:13 

UT 

(-207,-81,280) 

358 

(-9,25,25) 

15 

472 

0052:21-0054:29 

UT 

(-126,-53,133) 

191 

(15,45,-17) 

12 

215 

Note ;  Underlined  values  are  based  on  LEPEUEA  results  (see  text). 

The  tangential  stress  balance  condition  for  a  rotational 
discontinuity  is  given  by 

Vo  -  =  (  l-ai)1/2  /^ll1/2  (  %  -  ^  1  \  (1) 

W  it  /  yp;>  p  i  ) 

where  p,  V  and  denote  the  mass  density,  bulk  flow  velocity  and 
maqnetic  field,  respectively,  on  each  side  of  the  d i seont i  mi  i t v . 

The  pressure  anisotropy  is  defined  by  a  =  4  n  ( p  -P  ^  ) /P2  where  !'j  ,md 
P|  are  the  parallel  and  perpendicular  plasma  pressures,  respective¬ 


ly,  (Hudson,  1970).  This  is  a  necessary,  although  not  sufficient. 
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condition  for  a  rotational  discontinuity.  The  application  of 
the  MHD  discontinuity  analysis  assumes  stationarity  and  other 
conditions  that  cannot  be  easily  checked,  if  at  all.  Usinq  the 
first  and  third  time  period  given  in  Table  1,  the  riqht-hand 
side  of  equation  1  becomes  (l-aj_)l/2  (  386,  102,  -553)  km/s. 

This  derived  AV  is  aliqned  to  within  8°  of  the  observed  AV. 
However,  using  the  observed  pressure  anisotropy  in  the  magneto- 
sheath  (side  1  of  the  discontinuity)  of  -0.14  (Sonnerup  et  al., 
1981),  the  predicted  |AV|  =  682  km/s  (G.  Paschmann,  private 
communication,  1981)  is  considerably  larger  than  the  observed 
value  of  574  km/s. 

A  necessary  condition  for  both  a  tangential  and  rotational 
discontinuity  is  that  of  pressure  balance  so  that 

p12  "  P11  +  (H22-Ri2  )/8tt  =  0  (2) 

where  Pj_  =  nkT  denotes  the  perpendicular  plasma  pressure. 

Total  plasma  and  field  pressure  is  10.5  +  0.5  keV/cm^  in  the 
boundary  layer  and  9.3  +  0.4  keV/cm^  in  the  nearby  magneto- 
sheath.  Error  estimates  arise  primarily  from  the  plasma  mea¬ 
surements.  This  pressure  imbalance  should  correspond  to  a  net 
outward  movement  of  the  magnetopause;  however,  Paschmann  et  al. 
(1979)  report  a  net  inward  magnetopause  motion  based  on  timing 
of  magnetic  field  signatures.  This  difference  sugqests  that 
assumptions  of  the  MHD  discontinuity  analysis  are  no  longer 
applicable,  such  as  stationarity  or  the  neglect  of  gradients  or 
finite  ion  gyroradius  effects.  A  further  necessary  condition 
for  an  MHD  rotational  discontinuity  is 
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Vn  =  Bn  ((l-ai)/p)l/2 

with  Vn  and  Bn  designating  the  normal  outward  components  of  hulk 
flow  velocity  and  magnetic  field,  respectively,  in  the  minimum 
variance  coordinate  system.  Paschmann  et  al.  (1970)  report  a  val¬ 
ue  for  Bn  of  -5.4  +  2.0  nT.  With  an  average  density  of  12  cm~^ 
based  on  Figure  2  and  Table  1,  this  results  in  a  predicted  value 
for  Vn,  in  the  magnetopause  frame,  of  -20  +  11  km/s.  Our  deter¬ 
mination  of  the  angle  between  the  minimum  variance  normal,  n,  and 
the  bulk  flow  vector  for  0042:12  to  ~  0043:08  UT  is  88.3  +  1.5° 
which  corresponds  to  an  observed  outward  normal  flow  velocity  in 
the  spacecraft  frame  of  +18.3  +  15  km/s.  Because  of  the  10  km/s 
inward  motion  of  the  magnetopause  relative  to  the  satellite  the 
predicted  normal  plasma  velocity,  in  the  spacecraft  frame,  is  -30 
km/s  (Paschmann  et  al.,  1979).  The  total  angular  separation  of 
the  predicted  and  observed  velocity  vectors  is  then  approximately 
4.8°  which  is  nearly  three  times  our  estimated  error  for  project¬ 
ing  the  bulk  flow  vector  along  the  minimum  variance  normal  direc¬ 
tion.  Paschmann  et  al.  (1979)  obtained  a  negative  value  for  Vn 
due  to  their  55°-truncat ion  of  the  velocity  distribution  which  re¬ 
duced  the  measured  Vz  component  as  shown  in  Figure  4.  Recently, 
Sonnerup  et  al.  (1981)  report  a  slightly  modified  normal  direction 
which  leads  to  an  observed  bulk  flow  component  of  vn  =  8.7  km/s  in 
the  spacecraft  frame  and  vn  -  17  km/s  in  the  magnetopause  frame 
using  a  revised  magnetopause  speed  of  -8.5  +  1.5  km/s.  /Vn  esti¬ 
mate  of  the  average  Rn  value  (-7.2  nT)  by  Sonnerup  et  al.  (10i>i) 
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leads  to  a  predicted  vn  =  -55  km/s,  in  the  maqnetopause  frame, 
which  corresponds  to  an  even  larqer  anqular  separation  (7°) 
between  observed  and  predicted  normal  speed  components. 

Although  the  Vn  value  is  difficult  to  estimate  directly,  we 

V  . 

have  found  that  the  value  for  cos  1  (^.n)  is  relatively  insensi¬ 
tive  to  several  potential  systematic  errors  or  to  an  extension  of 
the  inteqration  time  interval  to  periods  prior  to  0042  :  12  riT. 

This  result  indicates  that  the  flow  vector,  even  with  the  flow 
direction  shift  near  0042:  12  (JT,  remains  closely  tanqent  to  the 
magnetopause  surface  with  Vn  >  0.  If  the  local  magnetopause  were 
a  tangential  discontinuity,  then  the  predicted  value  for  vn  is 
zero  which  could  be  consistent  with  our  results.  This  situation 
would  also  be  easier  to  reconcile  with  the  sharp  plasma  discon¬ 
tinuity  observed  coincident  with  the  2-3  second  maqnetopause  in¬ 
terval,  measured  by  both  the  T.FPEDEA  (see  Plate  2b)  and  the  hANT,/ 
M PE  instruments  (see  Figure  2).  Any  significant  vn  component 
should  be  expected  to  rapidly  diffuse  away  such  a  sharp  plasma 
gradient . 

The  total  convective  electric  field,  F  =  -V  X  B,  for  the 
0042:12-0043:08  UT  time  interval,  has  a  magnitude  of  31  mV/m  and 
is  oriented  22°  with  respect  to  the  magnetopause  normal.  As 
ISEF-1  approaches  the  magnetopause,  expecially  after  0043:30  PT, 
there  is  a  change  in  magnetic  field  orientation  that  causes  p  to 

approach  the  normal  direction  so  that  the  tangential  electric 

¥ 

field  component,  F^,  is  subs t ant i a  1 l y  reduced.  In  the  maqneto¬ 
pause  frame,  the  tangential  electric  field  can  he  written  as 


1 1  -  T  n  I 


it  I  iii  i  mu  irntMi 
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Et  =  ~(Vn  X  Bt)  -(Vt  X  Rn) 

IE  we  take  Vn  =  0,  V^-  =  582  km/s  and  Bn  =  -5.4  nT,  then  Et  -  9.1 
mV/m  (only  10%  of  the  total  magnitude)  and  is  nearly  parallel  to 
the  current  vector  given  in  Piqure  9  of  Paschmann  et  al.  (1979). 
For  Vn  =  20  km/s,  the  -Vn  X  term  contributes  only  1  mV/m  so 
that  the  E^-  calculation  depends  primarily  on  the  Bn  value  which, 
in  turn,  depends  on  the  minimum  variance  calculation.  The  mini¬ 
mum  variance  technique  cannot  account  for  changes  in  magneto¬ 
pause  orientation  during  the  intervals  used  to  compute  Rn;  for  8 
September  1978,  Paschmann  et  al.  (1979)  used  a  six  minute  inter¬ 
val  ending  at  ~  0045  UT  which  is  about  300  ion  qyroperiods. 
Consequently,  the  magnetic  field  observations  are  consistent 
with  Et  =  0  at  the  time  of  the  magnetopause  crossinq  if  there 
are  moderate  temporal  variations  in  magnetopause  orientation, 
d .  Characteristics  of  the  Three-Dimensional  Ion  Velocity 

Distributions 

A  perspective  plot  of  the  three-dimensional  ion  velocity 
distribution  is  shown  in  Figure  5  based  on  the  128-sec  instrument 
cycle  beginning  at  0041:42  UT.  This  plot  covers  energy  levels 
from  820  eV  to  45  keV;  the  main  peak  corresponding  to  the  high¬ 
speed  plasma  flow  is  based  on  observations  from  0042:12  UT  to 
approximately  0043:08  (IT.  Energy  scans  from  215  to  820  eV  have 
been  deleted  because  of  a  directional  shift  in  the  ion  distribu¬ 
tion  near  0042:12  UT.  Plasma  spectra  simultaneously  sampled  by 
the  hANU/^PE  instrument  from  0042:12  UT  to  alter  0041  UT  show  a 
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low-energy  component  below  820  eV  that  has  a  maqnetosheath-1 ike 
spectrum  which  is  highly  variable  and  reduced  in  intensity. 

This  magnetosheath-like  component  is  distinct  from  the  high- 
speed  flow  component  as  shown  by  the  three-dimensional  response 
array  presented  in  Plate  2a.  If  this  low-energy  component  is 
directly  supplied  from  the  magnetosheath ,  then  the  plasma  in¬ 
jection  process  filters  out  ions  with  small  pitch-angles  since 
the  nearby  magnetosheath  ions  in  this  energy  range  have  a  much 
broader  angular  distribution. 

A  perspective  plot  is  shown  in  Figure  f>  which  is  based  on 
observations  during  the  later  magnetopause  and  boundary  layer 
interval.  This  plasma  distribution  is  very  similar  to  that  ob¬ 
served  during  the  earlier  high-speed  flow  period.  The  nearby 
magnetosheath  distribution  is  presented  as  a  perspective  plot 
in  Figure  7.  A  peak  of  high-speed  ions  directed  along  — V n  is 
well  separated  from  the  low  velocity  ion  component.  Isodensity 
contours  of  the  ion  velocity  distributions  are  presented  in 
Figure  8  for  the  same  three  time  periods  covered  by  the  per¬ 
spective  plots  in  Figures  5  through  7.  These  contours  show 
projections  of  f(v)  onto  the  V^-V plane;  in  each  case,  the 
high-speed  flow  components  are  well  separated  from  the  low- 
energy  ion  components.  In  Figure  8a,  an  energetic  ion  peak 
of  moderate  intensity  is  observed  near  V u  =  +2200  km/s  at  low 
pitch-angles.  A  comparable  high-energy  component  is  also 
present  along  +V|(  in  Figures  r>,  7  and  8b;  energetic  particles 
will  be  described  further  in  the  next  section. 
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e.  Energetic  Ion  ( 10-45  kev)  and  Energetic  Electron  (>  45  ke'M 

Angular  Distributions 

The  three  dimensional  response  arrays  for  the  boundary  lay¬ 
er  as  presented  in  Plates  lc,  2a  and  2c  show  energetic  ions 
above  10  keV.  A  velocity  moments  computation  was  done  for  10  to 
45  keV  ions  sampled  by  the  TSEE-1  LEPEDEA.  Although  the  oitch- 
angle  distributions  of  energetic  ions  are  peaked  at  ~  00°  in  the 
outer  magnetosphere,  this  peak  shifts  to  100°  pitch  angle  (with 
an  84°  look  azimuth  for  peak  response)  and  101°  pitch  ancle 
(with  a  72°  look  azimuth  for  neak  response)  near  0041:20  urn  and 
0043:  30  (IT,  respectively ,  in  the  boundary  laver.  Scholer  et  al. 
(1981)  present  energetic  ion  data  sampled  simultaneously  hv  the 
NOAA/MPA  medium  energy  particle  instrument.  Their  observations 
indicate  that  an  ion  anisotrony  occurs  at  these  times  due  to  the 
loss  of  ions  near  an  absorbing  boundary  (Williams,  1970)  which 
results  in  significantly  decreased  energetic  ion  responses  in 
the  dawnward-look ing  sectors.  Energetic  ions  with  0-90°  nitch- 
angles  are  nearly  absent  in  the  55-65  kev  energy  ranee  whereas 
significant  responses  are  observed  in  the  45-55  kev  energy  ranee 
(T.  Fritz,  private  communication,  1981).  This  trend  is  consist¬ 
ent  with  LEPEDEA  ion  observations  near  25  keV  which  show  sieni- 
ficant  responses  for  pitch-angles  <  22°  without  anv  comparable 
ions  directed  along  -Vj  (see  plates  2a  and  2c  and  Fieures  5,  7, 
and  8b).  An  energy-dependent  process  is  thus  involved  which 
selectively  removes  0-90°  pitch  ancle  inns  nut  of  an  otherwise 
pancake— shaped  pitch-angle  distribution;  this 
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hiqher  enerqy  ions  (>  45  keV)  more  than  ions  in  the  10-45  keV 
enerqy  range. 

Angular  distributions  of  energetic  electrons  (>  45  keV)  are 
sampled  with  a  GM  tube  in  the  LEPEDEA  instrument.  This  detector 
has  a  40°  conical  f ield-of-view  and  is  described  further  in 
Frank  et  al.  (1978a,  1978b).  Azimuthally  averaged  energetic 
electron  intensities  from  ISEE-1  are  plotted  in  Figure  9. 
Pancake-shaped  pitch-angle  distributions  are  present  throuqhout 
the  boundary  layer  and  outer  magnetosphere,  as  shown  by  pitch- 
angle  plots  presented  in  the  upper  right-hand  portion  of  Figure 
9  for  selected  times  marked  on  the  azimuthally  averaged 
intensity-vs-time  plot.  Even  during  the  local  intensity  de¬ 
creases  near  0038  and  0042  UT,  this  pitch-angle  signature  is 
retained . 

Since  the  energetic  electrons  have  large  guidinq  center 
speeds  (~  10  Rg/s  at  50  keV  for  a  =  60°)  their  angular  distri¬ 
butions  and  intensities  quickly  reflect  changes  in  large-scale 
field  topology.  In  comparison,  the  ion  flow  speed  and  the 
Alfven  speed  are  lower  by  factors  of  >  100.  If  the  boundary 
layer  were  on  open  field  lines  as  required  in  a  reconnection 
model,  then  energetic  electrons  within  the  high-speed  flow  re¬ 
gion  should  rapidly  develop  asymmetric,  field-aligned  distribu¬ 
tions  such  as  that  observed  in  the  magnetosheath  near  0044:30 
UT.  Two  observations  in  particular  indicate  that  the  boundary 
layer  observed  during  this  crossing  is  on  closed  field  lines: 


(1) 


2  1 


Pancake-shaped  enerqetic  electron  nitch-annle  dis¬ 
tributions  are  observed  for  the  entire  boundary  layer 
interval , 

(2)  A  rapid  intensity  decrease  occurs  at  the  magneto¬ 
pause  . 

The  latter  observation  is  not  consistent  with  a  significant 
local  Rn  component  which  would  provide  for  rapid  leakage  of 
enerqetic  electrons  across  the  magnetopause.  Tf  an  intense  and 
unusually  prolonqed  enerqetic  electron  source  was  present 
equatorward  of  the  ISEF,  satellites,  then  the  observed  svmmetric 
angular  distributions  could  possibly  be  produced.  However,  if 
this  source  occurs  on  open  field  lines,  as  would  be  the  case  in 
a  diffusion  region  for  merging,  then  there  should  be  signifi- 
cant  intensity  levels  of  energetic  electrons  in  the  adjacent 
magnetosheath .  Near  0045:20  UT,  the  enerqetic  electrons  in  the 
magnetosheath  have  a  pitch-angle  distribution  peaked  near  00°. 
However  this  condition  is  only  very  briefly  observed,  occurs 
close  to  the  magnetopause  intensity  gradient  and  occurs  with 
low  responses  so  that  this  anisotropy  is  compatible  with  a 
brief  excursion  into  the  adjacent  magnetosheath .  ^or  example, 
there  could  be  a  compression  of  magnetosheath  flux  tubes 
against  the  frontside  magnetopause  resulting  in  brief  intervals 
of  pseudo-trapping  of  energetic  particles  between  high  field 
regions.  However,  such  pseudo-trapping  will  be  weak  due  to  the 


large  loss  cone. 


The  energetic  particle  observation1;  orovide  a  valuable  sun 
plement  to  the  analysis  of  a  maqnetopau.se  crossing.  ror  the 
high-speed  flow  interval  observed  during  the  R  September  197 R 
I  SR  R  crossing  we  note  that  (1)  the  energetic  ions  have  a  gener¬ 
ally  pancake-shaped  pitch-angle  distribution  which  shows  an 
azimuthal  anisotropy  due  to  the  loss  of  ions  from  finite  ion- 
gyroradius  effects  near  an  absorbing  boundary,  (2)  some  enorqet 
ic  ions  are  present  at  low  pitch-angles  (<  2'S'5  )  ,  and  ( R ) 
oancake-shaped  energetic  electron  distr ibutions  are  present 
throughout  the  boundary  layer.  These  observations  indicate  tha 
the  boundary  layer  is  situated  primarily,  if  not  entirely,  on 
closed  field  lines. 


Conclusions 


2 


4  . 


In  this  paper  we  have  endeavored  to  confirm  the  evidence  for 
reconnection  reported  by  Paschmann  et  al.  (1979)  based  on  an  IEEE 
satellite  traversal  of  the  sunward  maqnetooause  near  local  noon 
on  8  September  1978.  We  have  made  a  detailed  analysis  of  three- 
dimensional  plasma  velocity  distributions  obtained  with  the  Uni¬ 
versity  of  Iowa  LEPEDEA  instruments.  The  observations  described 
include  ions  and  electrons  from  215  eV  to  45  keV  as  well  as  ener¬ 
getic  electrons  >  45  keV. 

The  reconnection  geometry  suqqested  for  this  crossing  by 
Paschmann  et  al.  (1979)  is  shown  in  Figure  10.  Since  the  ob¬ 
served  plasma  flow  and  boundary  layer  location  are  asymmetric 
with  respect  to  the  magnetopause,  an  asymmetric  reconnection 
model,  such  as  that  used  by  Paschmann  et  al.  (1979),  is  a  reason¬ 
able  hypothesis.  However,  there  are  significant  differences  be¬ 
tween  observed  and  predicted  plasma  parameters  -  e.g.,  compare 
Figure  2  in  this  paper  with  Figure  3  in  Yang  and  Sonneruo  (1977). 
The  reconnection  geometry  requires  the  hiah-speed  boundary  layer 
flow  to  occur  on  open  field  lines.  Fnerqetic  electron  (>  45  keV) 
pitch-angle  distributions  sampled  by  the  LEPEDEA,  however,  show  a 
oancake-shaped  distribution  with  intensities  peaked  near  90° 
pitch  angle.  As  we  approach  the  diffusion  region  or  x-line  with¬ 
in  a  reconnection  geometry,  the  field  magnitude  decreases  whereas 
a  magnetic  mirror  for  energetic  electrons  requires  a  substantial 
field  increase.  If  the  high-speed  plasma  flow  is  on  open  field 


linns,  then  the  energetic  electrons  will  be  very  rapidly  lost 
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with  a  time  scale  on  the  order  of  their  bounce  time  ( ~  1.5  sec) 
and  no  electrons  should  be  observed  returninq  from  the  diffusion 
region.  On  the  contrary,  significant  energetic  electron  inten¬ 
sity  levels  are  present  during  the  high-speed  flow  interval  as 
shown  in  Figure  9.  Furthermore,  their  intensity  rapidly  de¬ 
creases  near  the  magnetopause  as  expected  for  a  transition  from 
closed  to  open  field  lines.  If  we  introduce  particle  mirrors  in 
the  magnetosheath  or  strong  and  steady  sources  of  energetic  par¬ 
ticles  in  the  diffusion  reqion  or  along  the  magnetopause,  then 
the  steep  intensity  gradient  at  the  magnetopause  cannot  be  ac¬ 
counted  for.  If  sufficient  and  thus  strong  pitch-angle  scatter¬ 
ing  is  introduced  to  maintain  pancake-shaped  energetic  particle 
distributions  on  open  field  lines,  the  low  magnetosheath  inten¬ 
sity  level  is  still  a  problem  since  energetic  electrons  will  be 
scattered  into  the  90-180°  pitch-angle  range  and  subsequenf.lv 
lost  due  to  large  loss-cone  angles  even  in  the  presence  of  flux 
tube  compression  against  the  frontside  magnetopause. 

At  the  magnetopause  near  0044  UT,  within  one  spin  period  (3 
sec),  the  ISEE-1  LEPEDEA  instrument  observes  a  sharp  decrease  in 
ion  intensity  concurrent  with  the  primary  change  in  B-,.  In  add¬ 
ition  to  the  correspondingly  steep  gradient  in  >  45  keV  energet¬ 
ic  electron  intensity  based  on  the  LEPEDEA  GM  data,  the  LANL/mpf 
ion  and  electron  responses  and  the  NOAA/MPA  measurements  of  30- 
GO  keV  electrons  also  show  a  simultaneous  sharp  decrease  at  the 
magnetopause.  Based  on  a  10  km/s  inward  magnetopause  motion, 
the  ~  3  sec  magnetopause  transition  corresponds  to  a  nominal 


30  km  magnetopause  thickness.  If  the  predicted  vn  values  of 
-20  km/s  (Paschmann  et  al.,  1979)  or  -55  km/s  (Sonnerup  et  al., 
1981)  apply  to  this  magnetopause  transition,  then  the  oarticle 
gradient  at  the  magnetopause  should  be  spread  out  to  a  thick¬ 
ness  of  3  sec  X  20  km/s  =  60  km  or  3  sec  X  55  km/s  =  165  km, 
respectively,  even  if  the  finite  normal  flow  was  initiated  at 
the  same  time  as  the  magnetopause  crossing.  Noting  also  that 
the  gyroradius  is  85  km  for  2  keV  ions  with  a  1.2  sec  gyro- 
period,  this  magnetopause  does  not  appear  to  be  further  broad¬ 
ened  by  a  finite  vn  value.  We  note  that  Paschmann  et  al. 

(1979)  identified  a  magnetopause  interval  of  90  sec  and  used  a 
six-minute  interval  of  magnetic  field  data  to  complete  the  min¬ 
imum  variance  analysis.  However,  based  on  the  1/16  sec  resolu¬ 
tion  field  data,  the  primary  change  in  field  magnitude  and 
especially  Bz  is  limited  to  0043:56-59  UT  which  we  take  as  the 
primary  current  layer,  or  magnetopause  layer.  Paschmann  et  al. 
(1979)  obtained  vn  values  that  were  predominantly  negative  due 
to  their  55°-truncation  of  the  velocity  distribution.  With  a 
full  sampling  of  the  ion  velocity  distributions  over  the 
0042:12-0043:08  UT  time  intervals,  we  found  Vn  to  be  +17  or  +27 
km/s,  in  the  magnetopause  frame,  depending  on  the  normal  direc¬ 
tion  used.  If  we  assume  that  Vn  was  actually  zero  at  this 
time,  then  it  could  have  become  negative  by  the  time  that  T.SRK- 
1  crossed  the  magnetopause  near  0044  UT.  This  condition,  how¬ 
ever,  is  difficult  to  reconcile  with  the  steep  particle  and 
field  gradients  observed  at  the  magnetopause. 
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Since  helium  ions  are  accelerated  to  a  speed  comparable  to 
that  of  the  hiqh-speed  H+  component  instead  of  gaining  a  compar¬ 
able  energy,  a  process  which  predicts  a  uniform  velocity  in¬ 
crease  should  be  preferred  to  a  process  which  involves  a  uniform 
energy  transfer.  For  acceleration  from  a  magnetic  slingshot  with 
K  «  -V  X  B,  different  ions  will  ho  accelerated  by  the  same  velo- 
city  increments  whereas,  for  acceleration  close  to  the  diffusion 
region  where  V  X  B  can  be  small  compared  to  the  reconnection 
electric  field,  ion  acceleration  will  occur  at  the  same  enerqy 
increments . 

Regarding  the  uniqueness  of  the  reconnection  hypothesis  for 
the  8  September  1978  ISFF  observations,  D'Angelo  (1979)  has  pro¬ 
posed  an  alternative  model.  His  Laval  nozzle  model  Predicts  a 
uniform  velocity  increase  comparable  to  the  observed  values  and 
also  considers  the  high  speed  flow  to  be  on  closed  field  lines. 
For  an  ion  sound  speed  of  Vs  =  188  km/s  and  a  typical  range  of 
values  for  M  =  V/Vs  of  3  to  3.3  (D’Angelo,  1979),  where  M  is  the 
flow  Mach  number,  the  predicted  flow  speeds  that  result  from  the 
Laval  nozzle  model  are  ‘360-620  km/s .  Consequently,  the  observed 
high  flow  speeds  observed  in  the  boundary  layer  cannot  be  con¬ 
sidered  as  uniquely  predicted  by  the  reconnection  model.  At  this 
stage  of  development,  however,  it  is  not  clear  how  applicable  the 
Laval  nozzle  model  is  to  the  ISBE  observations  discussed  in  this 
paper . 

Our  analysis  has  led  to  the  following  results  which  could 
be  taken  as  supportive  of  the  reconnection  hypothesis: 
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1)  Hiqh-speed  ion  flow  occurs  within  the  boundary  layer  and 
reaches  a  speed  of  5R2  km/s  which  is  close  to  the  Alfven 
speed  based  on  the  difference  maqnetic  field  (Paschmann  et 
al.,  1979). 

2)  The  tanqential  stress  balance  condition  (equation  1,  pre¬ 
vious  section)  is  rouqhly  mot.  This  condition  is  one  of 
the  necessary  conditions  for  a  MHD  rotational  discontinuity 
which,  in  turn,  is  a  necessary  condition  for  the  reconnec¬ 
tion  qeometry.  Since  this  condition  is  derived  directly 
from  Maxwell's  equations  and  the  enerqy  momentum  tensor, 
any  process  such  as  nonlinear  plasma  turbulence  which  re¬ 
sults  in  a  locally  finite  averaqe  Pn  value  will  satisfy 

the  tanqential  stress  balance  cond i t ion . 

At  this  juncture,  we  can  only  conclude  that  some  of  the  condi¬ 
tions  for  a  MHO  rotational  discontinuity  are  met  based  on  local 
sate  1  Lite  observations.  Since  reconnection  is  a  process  which 
involves  qlobal  topoloqical  conditions  (Vasyliunas,  1975),  our 
results  cannot  be  considered  as  meetinq  sufficient  conditions 
for  the  presence  of  reconnection.  A  further  difficulty  con¬ 
cerns  the  qeneral  applicability  of  a  MHD  "fluid"  description  to 
the  maqnetopause  interaction  reqion  with  its  larqe  spatial  and 
temporal  variations  involvinq  a  medium-g  plasma  where  kinetic 
instabilities  are  probably  important  (Gary  and  Kastman,  1979). 

W<'  find  that  available  observational  results  for  the  R  Sep¬ 
tember  197H  rnaqnet  opaurv  cross  inq  lead  to  several  di((  i  ml  ties 
for  the  reconnect  ion  i  n  t  e  rore  t  a  t  iort: 
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1)  Observed  high  -speed  flow  events  are  at  least  partly  on 
closed  field  lines  and,  perhaps,  partly  on  open  field 
lines  (Scholer  et  al.,  1981). 

2)  Enerqetic  ions  and  electrons,  sampled  during  the  hiqh- 
speed  plasma  flow  interval,  show  no  larqe  decrease  in  in¬ 
tensity  upon  crossinq  into  the  reqion  of  reconnected  field 
1 ines . 

3)  The  reconnected  "flux  tube"  is  not  emptied  of  eneraetic 
particles  for  >  160  sec  although  the  bounce  time  for  60° 
pitch-angle  particles  is  ~  80  sec  and  ~  l.S  sec,  respec¬ 
tively,  for  these  ions  and  electrons. 

4)  If  enerqetic  particles  are  supplied  by  a  source  in  a  dif¬ 
fusion  reqion  for  reconnection,  this  source  supplies  low 
enerqy  plasma  sporadically  althouqh  it  continuously  and 
uniformly  supplies  enerqetic  particles. 

5)  Observed  enerqetic  particles  and  low  enerqy  plasmas  have  a 
steep  gradient  at  the  magnetopause  which  is  difficult  to 
reconcile  with  a  finite  Hn  value. 

6)  The  observed  value  for  vn  is  not  consistent  with  the 
predicted  value  without  introducing  rapid  tem?3oral 
variations  in  magnetopause  orientation.  However,  such 
maqnetopause  variations  would  tend  to  invalidate  the 
minimum  variance  analysis. 


1] 


The  combined  results  of  this  paper  place  a  number  of  con¬ 
straints  on  any  model  used  to  explain  siqnatures  of  the  R  Sen- 
tember  197R  ISEE  maqnetonause  cross  inn.  Althouqh  this  cross  inn 
shows  hiqh-speed  ion  flow  in  the  boundary  layer,  the  enerqefic 
pitch-anqle  distributions  indicate  that  this  hinh-soeed  rlow 
occurs  partly  or  entirely  on  closed  field  lines.  For  a  recon¬ 
nection  model,  the  hiqh-speed  flow  should  occur  onlv  on  open 
field  lines;  this  prediction  applies  as  well  to  "patchy"  recon¬ 
nection  models.  Thus,  to  consistently  apply  the  reconnection 
interpretation,  a  second  mechanism  must  be  introduced  to  explain 
the  hiqh-speed  flow  observed  on  closed  field  lines  unless  rapid 
diffusion  occurs  onto  the  closed  field  line  reqion.  Such  ranid 
diffusion,  however,  is  not  entirely  consistent  with  the  observed 
density  and  flow  speed  profiles  and  could  equally  well  be  used 
to  supply  the  boundary  layer  without  reconnection. 

niven  the  difficulties  in  nlacinq  all,  or  even  part  of, 
the  h iqh  speed  plasma  flow  on  open  field  lines,  we  will  now 
consider  whether  the  observations  are  consistent  with  a  bound¬ 
ary  layer  located  entirely  on  closed  field  lines.  Piqure  11 
illustrates  a  possible  boundary  qeometry  for  the  R  September 
197R  I SEP  maqnetopause  crossinq.  The  intersections  of  boundary 
lines  with  the  TSEE-1  and  -7  trajectories  fit  the  available 
plasma  observations.  The  distance  from  the  maqnetonause  to  the 
satellites  at  other  timer,  is  drawn  to  be  consistent  with  the 
enerqetic  ion  observations  based  on  the'  sound  inn  technique  of 
Williams  (1979).  In  addition  to  exnlaininn  the  t.ranped-like 


energetic  particle  signatures  observed  earthward  of  the  magnet¬ 
opause,  this  picture  can  account  for  observed  asymmetries  of 
the  ion  pitch-angle  distributions.  Energetic  ions  with  gyro- 
diameters  that  intersect  the  magnetopause  will  he  lost  from  the 
ion  distribution  for  dawnward- look inq  azimuths.  The  loss  of 
60-90°  pitch  angles  from  the  energetic  ion  distributions  ( Sc ho¬ 
ler  et  al,  1981)  is  enhanced  at  higher  energies  due  to  larger 
ion  gyroradii;  an  energy-dependent  process  that  also  results  in 
the  absence  of  upward-flowing,  low  pitch-angle  >  45-keV  ions. 

*\t  lower  energies,  the  low  pitch-angle  component  comprises  ions 
which  have  mirrored  without  being  subsequently  lost  at  the  ab¬ 
sorbing  boundary.  The  enhanced  loss  of  ions  at  60-90°  pitch- 
angles  is  likely  due  to  the  increased  path  length  for  these 
ions  close  to  an  absorbing  boundary  whereas  ions  returning  from 
the  northern  hemisphere  are  less  likely  to  be  lost  at  the  mag¬ 
netopause  due  to  their  reduced  path  lenqth  close  to  an  absorb¬ 
ing  boundary.  This  process  provides  a  simple  explanation  for 
the  energetic  ion  distributions  that  start  out  peaked  from  60- 
120°  in  the  inner  boundary  layer  and  then  lose  the  <  90°  por¬ 
tion  close  to  the  magnetopause  (Scholer  et  al.,  1981).  Inten¬ 
sity  variations  of  energetic  particles  in  the  boundary  layer 
can  be  accounted  for  by  variable  magnetopause  positions  and 
geometry . 

Based  on  these  various  considerations,  we  conclude  that 
the  high-speed  flow  observed  in  the  boundary  layer  during  this 


crossing  may  be  the  result  of  impulsive  injection  of  magneto- 
sheath  plasma  across  the  magnetopause  (Lemaire,  1977).  The 
conditions  for  such  impulsive  entry  were  enhanced  by  the  highly 
variable  magnetosheath  flow  and  a  strong  southward  field  com¬ 
ponent  (Lemaire  et  al.f  1978).  Since  there  is  a  significant 
cross-field  flow  component  for  the  plasma  jet  which  is  located 
on  closed  field  lines,  this  plasma  will  soon  lose  its  momentum 
via  local  dissipation  and  closure  currents  through  non-local 
dissipative  regions  such  as  the  cusp  ionosphere.  The  cross¬ 
field  ion  flow  will  thus  contribute  to  the  MHO  dynamo  process 
that  drives  the  dayside  high-latitude  current  system  (Eastman 
et  al.,  1976).  Our  results  still  leave  the  entry  process  un¬ 
specified;  however,  MHD  and  plasma  kinetic  instabilities  are 
probably  very  important  and  should  be  a  principal  focus  for 
theoretical  efforts  directed  toward  the  magnetopause  inter¬ 
action  problem. 
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Plate  1 . 


Plate  2. 


A.  E-t  spectroqram  of  ISEE-1  EEPEPEA 
responses  for  8  September  1978,  dav  291 
R.  E~4>  spectroqram  for  2  91/78  from  0027:2(3 
to  0039:24  UT 

C.  E—  4>  spectroqram  for  221/78  from  00  20:24 
to  0041:42  UT 

A.  E—  4>  spectroqram  for  251/78  from  0041:42 
to  0043:50  UT 

R.  E-<f>  spectroqram  for  251/78  from  004  3  :  50 
to  0045:58  UT 

C.  R—  <J>  spectroqram  for  251/78  from  0048  :  09 
to  0050:13  UT 

0.  E-<f>  spectroqram  for  251/78  from  0057  :  2  1 

to  0054:29  UT 


Plate  1  will  be  published  in  color 
Plate  2  will  be  published  in  color 
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Fiqure  l.  Instrument  f ields-of-v iew  for  the  ouadri- 

spherical  electrostatic  analyzers  or 
LEPEDEAs  (from  Frank  et  al.,  197Ra). 

Fiqure  2.  Plasma  and  maqnetic  field  data  for  the 

ISEE-1  maqnetopause  crossinq  of  B  .September 
1978.  Satellite  coordinates  are  qiven  in 
the  qeocentric  solar  maqnetospher ic ,  <SSM, 
system.  Plasma  data  presented  as  solid 
lines  are  from  the  EANL/MPE  instrument 
(Paschmann  et  al.,  1979).  Simultaneous  LF.P- 
EDF,A  measurements  are  marked  bv  a  "1 — 1"  svm- 
bol.  The  first  maqnetonause  crossinq  is 
shown  by  a  dashed  vertical  line  near  0044 
UT. 

Fiqure  3.  Illustration  of  the  E~4>  plot  format.  All 

seven  detector  pairs  sample  from  low-to-hiqh 
enerqy  values  over  the  instrument  cycle  time 
which  is  128  sec  in  h  iqh-h it-rate  mode. 

Both  enerqy  and  time  are  marked  alonq  the 
ordinate.  The  abscissa  shows  the  solar 
ecliptic  lonqitude  of  flow  direction. 


Fiqure  4. 
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Viewinq  qeometry  for  the  TSFF  olasma  instru¬ 
ments  for  the  fi  September  197R  maanetooause 
crossinq.  eolar  anqle  ranqes-of-v iew  for 
the  seven  LFPF.OFA  detector  nairs  are  shown. 
Approximate  ohase-snace  donsitv  contours  are 
shown  for  the  hiqh-soeed  boundary  layer 
plasma  flow.  The  +  5S°  elevation  anile  cut¬ 
off  for  the  LANL/MPR  instruments  is  shown 
alonq  with  the  flow  vector  that  results  from 
this  truncated  samplinq  of  the  ion  velocity 
distribution. 

Fiqure  5.  Perspective  plot  of  the  three-dimensional 

ion  velocity  distribution  in  the  boundary 
layer  sampled  by  the  ISFF-1  r.RPFDFA  on  R 
September  107R  from  0041:47  to  OOdRtSO  nT. 
The  hiqh-speed  flow  peak  is  located  at  a 
pitch-anqle  of  14°  and  has  a  bulk  flow  soee  i 
of  4R2  km/s . 

Fiqure  6.  Perspective  plot  of  the  three-dimensional 

ion  velocity  distribution  in  the  maqneto- 
sheath  sampled  by  the  ISFF-1  LFPFDFA  on  R 
September  197R  from  0012:71  to  00^4:20  in’. 
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Fiqure  7.  Perspective  plot  of  the  three-dimensional 

ion  velocity  distribution  in  the  maqneto- 
pause  and  boundary  laver  interval  samoled  bv 
the  ISEE-1  LEPEDEA  on  R  September  1978  from 
0048:05  to  0050:13  UT. 

Fiqure  8.  Isodensity  contours  of  three  rest-frame  ion 

distribution  functions  based  on  observations 
by  the  ISEE-1  LEPEDEA  on  8  Sentember  1978. 
These  three  plots  correspond  to  Fiqures  5,  i 
and  6,  respectively,  for  distributions  sam¬ 
pled  in  (a)  the  boundary  layer,  (b)  the 
later  maqnetopause  and  boundary  laver  inter¬ 
val  and  (c)  the  maqnetosheath . 

fiqure  9.  Enerqetic  electron  (>  45  keV)  averaqe  inten¬ 

sities  and  pitch-anqle  distributions  samoled 
with  the  ISEE-1  LEPEDEA's  Seiqer-Muel ler 
tubes.  These  measurements  span  the  period 
0037  to  0057  UT  on  8  Sentember  1978.  nitch- 
anqle  distributions  are  qiven  at  imper  riqht 
for  each  numbered  period. 
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boundary  and  field  qeometry  for  the  recon¬ 
nection  hypothesis  as  applied  to  the  8  Ren- 
tember  1978  maqnetopause  crossinq  (from 
Paschmann  et  al. ,  1070).  The  shaded  area 
denotes  the  boundarv  layer,  considered  to  be 
on  open  field  lines,  and  the  dashed  line 
identifies  the  maqnetopause. 

Boundary  layer  and  maqnetooause  qeometry  for 
the  8  September  1978  IRRE  cross inq  based  on 
all  available  plasma  and  field  data.  Brief 
intervals  of  reduced  enerqetic  electron 
intensity  near  0018  and  0042  MT  (see  Piqure 
9)  could  possibly  be  on  open  field  lines; 
however,  this  diaqram  illustrates  a  simple 
hypothesis  for  which  the  boundary  layer  is 
placed  entirely  on  closed  field  lines  (see 
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Abstract 


In  an  attempt  to  confirm  the  evidence  for  reconnection 
reported  by  Paschmann  et  al.  (1979)  we  have  examined  thr**e- 
dimensional  plasma  velocity  distributions  sampled  near  the 
magnetopause  using  the  LEPRDEA  plasma  instrument.  During  the 
magnetopause  crossing  of  8  September  1978,  we  observe  hiah- 
speed  plasma  flow  in  the  maqnetospher ic  boundary  layer  which  is 
suggestive  of  the  accelerated  flow  predicted  by  reconnection 
models.  However,  simultaneous  measurements  of  j  48  keV  ener¬ 
getic  electrons  show  pancake-shaped  pitch-angle  distributions 
which  indicate  a  closed  field  line  reg ime  whereas  the  hinh- 
speed  plasma  flow  is  predicted  to  occur  on  open  field  lines  for 
the  reconnection  hypothesis.  Low-energy  plasma  and  energetic 
ion  observations  do  not  show  any  evidence  for  a  local  flow  com¬ 
ponent  normal  to  the  magnetopause,  and  the  energetic  particle 
measurements  show  no  evidence  for  a  finite  normal  magnetic 
field  component.  Since  the  energetic  particle  angular  distri¬ 
butions  indicate  that  the  high-speed  plasma  flow  occurs  partly 
or  entirely  on  closed  field  lines,  we  suggest  that  the  simnloet 
hypothesis  is  to  place  the  entire  boundary  layer  observed  lur¬ 
ing  this  crossing  on  closed  field  lines.  We  find  that  severe’ 
detailed  features  of  the  available  measurements  can  bo  ex¬ 
plained  readily  in  this  way.  Our  ISEE  observations  appear  to 
be  most  consistent  with  impulsive  injection  of  maonetoshouth 
plasma  across  the  magnetopause  in  a  process  that  involves  both 
M HD  and  plasma  kinetic  instabilities. 
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